Optical measurement of the arterial pulse wave and determination of pulse wave velocity by Cabeleira, Manuel Teixeira
UNIVERSIDADE DE COIMBRA
DEPARTAMENTO DE FÍSICA
Optical measurement of the Arterial Pulse Wave and determination of 
Pulse Wave Velocity
Dissertação de Mestrado em Engenharia Biomédica
Manuel Teixeira Cabeleira
Setembro 2010
ii
   
Research Unit
 
Collaborators
iii
Centro de instrumentação – Grupo de Electrónica e Instrumentação
http://berta.fis.uc.pt/
ISA – Inteligent Sensing Anywhere
www.ISA.pt
Instituto Investigação & Formação Cardiovascular, S.A.
Abstract
The sedentary way of life and bad alimentation habits of people from developed countries promotes 
the development of cardiovascular diseases. Nowadays the percentage of deaths provoked by 
cardiovascular diseases increases every day and it is now the major cause of death in these countries. For 
the last few decades a major effort in developing new methods to detect cardiovascular complications 
has been done and several new parameters, such as pulse-wave velocity (PWV) and augmentation index 
(AI), are now used to access cardiovascular risk.
 ! During the course of this project, optical probes capable of recording the arterial  
pressure waveform were developed and tested. These probes used two photodiodes, separated by 3 cm, 
as sensing elements and due to their configuration, the measure of local PWV in human carotid was 
possible. The recorded signals were direct measurements of the pressure waveform. The developed 
algorithms were capable of accessing the time delay between these two signals and therefore calculating 
the correspondent PWV.
To validate the developed algorithms and probes, three test benches, capable of simulating the 
pressure waveform and its propagation properties were assembled. 
!
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Resumo
Actualmente o sedentarismo e maus hábitos alimentares da generalidade da população dos países 
desenvolvidos promove o aumento de casos de doenças cardiovasculares. A percentagem de mortes 
causadas por estas doenças aumenta todos os dias e é agora a maior causa de morte nestes países. Por 
esta razão, a detecção de complicações cardiovasculares adquiriu um papel de relevância e nas últimas 
décadas  tem sido feita uma grande aposta no desenvolvimento de novos métodos de detecção. Como 
consequência novos parâmetros, como velocidade da onda de pulso (VOP) e índice de aumentação são 
presentemente usados para avaliar o risco cardiovascular.
No decorrer deste projecto, sondas ópticas capazes de gravar a onda de pressão arterial foram 
desenvolvidas e testadas. Nestas sondas dois fotodíodos, separados 3 cm, foram usados como sensores e 
devido à sua configuração (das sondas) foi possível medir a VOP local na carótida humana. Os dados 
recolhidos eram medidas directas da onda de pressão. Os algoritmos desenvolvidos avaliaram 
satisfatoriamente o desfasamento temporal entre os sinais recebidos por cada fotodíodo e calcularam a 
VOP correspondente.
De forma a validar os algoritmos e as sondas anteriormente mencionados foram montadas três 
bancadas de teste capazes de simular a referida onda de pressão e a suas propriedades de propagação.
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1. Introduction
1.1 Motivation
Cardiovascular diseases are a major cause of death worldwide, thus, we need the means to access 
the state of the cardiovascular system health of a patient as fast and easy as possible. Apart from the 
sphygmomanometer (that measures the blood pressure) and the stethoscope (that lets the physician 
hear your heart and major arteries) there aren’t much tests in the market that can be performed that fast, 
that are that cheap and that can extract such valuable information. Therefore new and cheaper (for an 
easier diffusion throughout the world) measuring methods and the exploration of more reliable 
cardiovascular risk parameters are mandatory.
Pulse Wave Velocity (PWV)  is one of those parameters and it is one of major importance on the 
detection of hypertension. There are two devices in the market at the moment: the piezoelectric based 
Complior® and the arterial tonometry based Sphygmocor®. Both these devices can measure PWV 
accurately but they both measure a wide range of arteries at the same time causing the measurement to 
be less reliable than the measurement of one single artery that is only possible in invasive methods. They 
are also very expensive which prevent them from being widely spread throughout world’s cardiology 
rooms.
The sensors developed in this work can optically measure the PWV of the carotid artery at the 
surface of the skin utilising low cost photodiodes and LED illumination. The measure is fast enough 
enabling live measurements and the equipment shall be cheap enough to be acquired by most of the 
cardiology offices.
1.2  Main Contributions
This innovative method of optically measure the PWV is one of the main contributions of this 
project. This method can provide an easy and comfortable way to use a device capable of rapid and 
reliably measuring the PWV in human carotid artery. It also presents new algorithms and pioneer probe 
shapes that can take this ongoing project to a next step of clinical trials.
1
1.3  Hemodynamic project team
This project was developed at Grupo de Electrónica e Instrumentação (GEI), one of the research 
groups of Centro de Instrumentação of the University of Coimbra, in the framework of a partnership 
with Intelligent Sensing Anywhere (ISA).
 Table 1 presents a brief description on the group’s associated staff and all the students.
Team members
Contribution and main areas of 
research
Institution
Prof Dr. Carlos Correia
Scientific and
Technical Supervisors
GEIProf Dr. Luís Requicha
Doctor. João Cardoso
PhD Student Catarina Pereira
Hemodynamic Parameters
GEI/ISA
PhD Student Vânia Almeida
GEIMSc Tânia Pereira
MSc Student Manuel Cabeleira
MSc Elisabeth Borges
Bioimpedance GEI
MSc Pratricia Matos
PhD Student Edite Figueiras Blood Perfusion in 
Microcirculation
GEI
MSc Sónia Semedo
Table 1 - research staff
1.4  Contents by chapter
This thesis is divided in three sections. The first section is composed by chapter 2 where the 
theoretical background needed to understand the basic concepts of the cardiovascular system’s anatomy 
and physiology are presented. Here are also described the most important physical concepts of the 
sensors used.
In the second section, the process methodology and measuring concept (chapter 3), the probes 
(chapter 4) and test bench systems (chapter 5) are described.
The last section is composed by chapter 6 where the description of the signal processing functions 
and algorithms is presented and chapter 7 where the tests performed in humans are presented along 
with some signal processing adaptations.
Chapter 8 presents the thesis conclusions and the preview of the future work.
2
2. Theoretical Background
This chapter presents the most important theoretical concepts about cardiovascular anatomy and 
physiology, along with some concepts about arterial stiffness and the diseases that are caused by this 
problem. In the end of the chapter the photosensors used in this work are described.
2.1  Anatomy and physiology of the Cardiovascular System
The circulatory system is a vital organ system in the human body. It functions as the body’s ‘logistics 
department’ being responsible for the transportation of all the nutrients, gases, wastes and 
immunological cells. This system is made of several important organs performing distinct tasks such as 
the heart, the ‘pump’ of all the system, arteries, the main transporters of blood away from the heart, 
small vessels, responsible of all the transactions with the cells, and veins, the transporters of blood back 
to the heart, completing this way one cycle of circulation. 
The heart is mainly composed by cardiac muscle which is a kind of involuntary movement strained 
muscle that enfolds four cavities, the right and left atrium and the right and left ventricle. The 
contraction of this muscle is controlled by the sinoatrial node, which is composed of altered myocit cells 
capable of initiating cardiac contraction, imposing this way the sinus rhythm or cardiac rhythm.
Figure 1- Representation scheme of the heart [1]
3
As stated above, the heart is divided in four chambers. The right atrium and ventricle are connected 
and are responsible of pumping blood to the lungs starting the pulmonary circuit of the blood that takes 
venous blood from the right ventricle to the lungs and delivers oxygenated blood to the left atrium of the 
heart. The left atrium and ventricle are also connected and are responsible of pumping oxygenated 
blood fed in the left atrium and ejected from the left ventricle to the rest of the body through the aorta 
artery. The blood enters this way in the systemic circuit that ends at the right atrium.
The aorta artery is the first artery in the systemic circuit of the blood, it is divided in three major 
sections, the ascending aorta that is the section between the heart and the arch of the aorta, the arch of 
the aorta where the carotid arteries and the subclavian arteries branch are and the descending aorta that 
is the section of the artery between the arch to the beginning of the common iliac arteries. 
Figure 2 - Representation scheme of the aorta artery [2]
The aortic wall is, like all  other major arteries, composed by three different layers. First, the outer 
layer called tunica adventitia and composed of connective tissue and fibroblasts, then the inner layer 
called tunica media that divides itself in two sub-layers, the outer layer composed of soft muscle tissue 
and the inner layer composed of elastic  fibers and collagen. Finally the most inner layer called tunica 
intima and mostly composed of endothelial cells. 
Figure 3 - Representation scheme of the composition of the arterial wall [4]
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Due to the high concentrations of elastic fibres, these arteries are capable of sustaining the highest 
blood pressures in all  the circulatory system mostly because of their capacity of expanding when high 
pressure blood is flowing through them during the heart’s systole (the contraction phase of the heart 
opposing to diastole, the expansion phase) and then passively contract during the hearts diastole. This is 
called ‘Windkessel effect’ responsible for more effective propagation of the energy provided by the 
heart while smoothing the blood flow during its course to the smallest arteries. 
As stated above the aorta is the first artery in all systemic system and therefore during the 
assessment of the central circulatory system’s health, the parameters measured in this artery are of major 
importance. However, this artery is buried deep in the thoracic cavity surrounded by bone, organs and 
muscle, and therefore direct observation of this artery is very difficult and in most cases invasive. One 
possible solution is to observe another central artery that would be as close as possible to the aorta and 
at the same time close to the skin, so it would be of easy access from the outside.  The carotid arteries are 
a good answer to this problem. Because they deviate from the first branch of the aorta, namely the aortic 
arch, their composition is nearly the same of the aorta and they are easily accessible from the outside, in 
the neck region. [3]
Figure 4 – Scheme of the arch of aorta and its first branches [5]
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2.2  Arterial stiffness
One of the most important markers for cardiovascular risk is arterial stiffness. This marker can 
provide information on the state of the arteries and what possible risks the heart might be facing. 
Arterial stiffness is caused by ageing, when elastic fibres inside tunica media start to fray due to 
mechanical  stress, and deposition of materials (namely fatty materials) on arterial walls causing a wide 
number of diseases commonly known as atherosclerosis. 
High arterial stiffness causes several problems to the cardiovascular system. It affects the capacity of 
the arteries to transform the pulsating blood flow ejected from the heart to a steady flow at the arterioles. 
This effect requires the arteries to be compliant. Stiffer arteries are harder to expand and therefore the 
heart must exert more strength than usual  to eject all the blood, hence the possibility of heart 
hypertrophy is increased. The reflected wave, which is generated by the reflections of the cardiac pulse 
wave on the arterial tree, is also affected by arterial stiffness. As it is known a stiff conduct can propagate 
a pressure wave faster than a compliant conduct. In healthy, non-stiff arteries the reflected wave travels 
slower  and arrives at the heart during the early diastole phase, interacting constructively with it and 
increasing the pressure during the diastole. Stiff arteries propagate this reflected wave faster and 
therefore it arrives to the heart during the systole, interacting constructively with it and increasing this 
way the peak pressure of the systole causing the hypertrophy of the heart. [6][7][8]
2.3  Pressure wave
At the moment of the ventricular systole, a pressure wave is generated in the heart and propagated 
through the arterial tree. This pressure wave isn’t the same as the blood flow wave, the later wave has at 
the beginning of the aorta a pulsate profile but as the blood approaches the smaller arteries it acquires a 
steady flow. On the other side, the pressure wave is propagated through the entire arterial tree without 
losing its pulsate behaviour. 
A pressure wave scheme from a healthy aorta is presented below and it is composed of an ‘upstroke’ 
followed by a systolic peak (A in the figure), the peak generated by the reflected wave is also represented 
presented (B) and finally the incisura, or dicrotic notch (C and D). 
Figure 5 - Representation of a pressure wave  [9]
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The incisura is caused by the closure of the aortic valve and is characterised by a small increase on 
the pressure wave. When this happens we can say that the diastole has begun. Depending on the health 
of the artery the reflected wave can appear in different places altering the form of the pressure wave. As 
stated above stiff arteries exhibit a premature reflected wave causing its peak to be closer to the systolic 
peak, and in some cases before the systolic peak, increasing this way the peak value of the systole and 
therefore, the pressure that the heart is subject. 
Although the pressure wave has different shapes depending on the measurement site, arterial 
conditions and the subject being measured, several hemodynamic parameters can be extracted from 
every pressure wave with relevant information on the state of the cardiovascular system. These 
parameters can be systolic pressure, diastolic pressure, Augmentation Index (AI) and PWV.
The systolic and diastolic  pressures are the oldest hemodynamic parameters measured with clinical 
relevance. These parameters are usually measured with the sphygmomanometer on the brachial artery 
and are nowadays the parameters that are measured on routine visits to the physician. These parameters 
can give an insight on the cardiovascular health, but since they are measured on a muscular artery, the 
information obtained this way might not be valid on elastic arteries. Due to the lack of information 
provided by this test it can’t be used to diagnose any condition. It is used only as a preliminary test.
The AI uses the reflected wave in order to extract information about cardiovascular health and it is 
usually measured on central arteries such as the aorta and the carotid arteries. This parameter measures 
the augmentation effect of the reflected wave on the systolic peak pressure and also the arriving time of 
the reflected wave. [10][11]
Several other conditions can also be directly accessed from the pressure wave form, see figure 6. 
Figure 6 - Examples of problems detected through pressure waves [10]
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2.4  Pulse Wave Velocity
Pressure waves travel through the arterial tree at a certain velocity. This velocity is called Pulse 
Wave Velocity and its value is one of the most widely used parameters to access cardiovascular health. It 
was recently recognised by the European Society of Hypertension and it is now used to diagnose 
hypertension and to evaluate the efficiency of the treatment.
Pressure waves travel faster on stiffer environments, and therefore a stiff artery will propagate the 
pressure wave faster than a healthy one. This is a direct measurement of arterial stiffness and it is quite 
simple to implement; two sensors are required to measure the pressure wave in two distinct points of an 
artery, then, by calculating the time lag between the two pressure waves (called the Pulse Transit Time 
(PTT)) the PWV can be obtained. If the distance between the two sensors is the same as the length of 
the measured artery, or if the length of the artery is known, the PWV can be successfully calculated 
using the following equation;
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Several studies have successfully correlated PWV with several physical parameters of arteries for 
example, Moens and Korteweg’s studies have related PWV with the arteries elastic modulus (E), its 
thickness (h), radius (r) and blood density (!) with equation 2. Bramwell  and Hill have also made in vivo 
studies with PWV and were capable of relating it with the relative changes of the volume of an artery and 
the pressure inside of it.
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Equation 2 - Moens and Korteweg’s  equation
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PWV measurement can either be local, when the sensors are placed on the same artery and close to 
each other, or general, when sensors are placed on different arteries like the carotid artery and the 
femoral artery. This measurement is the conjunction of several arteries’ PWVs. [13] 
Nowadays PWV can either be measured invasively, by inserting catheters into the femoral artery 
and then directing them to the artery in study, or non-invasively by placing sensors at the surface of the 
skin. The most widely used systems to measure PWV non-invasively are the Complior® system and the 
Shpymocor® system. These systems are the gold standard in non-invasive PWV measurement.
One of the main problems of these devices is the fact that the measured PWV concerns to a group of 
arteries. 
For example; the Shpymocor® utilises an ECG system combined with an arterial aplanation 
tonometer over the radial artery. This measurement groups the PWV of the aorta, the brachial artery 
and the radial artery. Another problem of this measurement is that several of the measured arteries 
(brachial  and radial) are muscular arteries, and these arteries are different of the central elastic arteries, 
therefore a transfer function is needed to reproduce the shape of the pressure wave on the aorta artery. 
The aplanation tonometer measurement is another source of error because it compresses the artery 
possibly altering the shape and properties of the pressure wave. Figure 8 represents the Shpymocor® 
system and the measured pressure wave.
Figure 8 - Representation of Shpymocor® system [14]
  
The Complior® system is also capable of measuring PWV using two piezoelectric  sensors to 
measure the pressure wave and then calculate its PTT. The sensors are placed on the carotid artery and 
on the femoral artery. This measurement is also measuring the PTT of the carotid, aorta and femoral 
arteries. Complior® is also capable of sustaining two more sensors, one on the brachial artery or, in 
some cases, on radial artery, and other on the distal artery. Consequently this system is capable of a 
bigger combination of measurements and can access the PWV on several different segments of arteries.
Currently only invasive methods are capable of measuring the PWV of a small artery segment. Non- 
-invasive local measurements of PWV are difficult due to the inaccessibility of the arteries of interest 
and also because the acquired signals are of poor quality. The quality of the signals combined with the 
pressure waves’ high speed and the small distance between the sensors makes the measured PWV 
unreliable and inaccurate.[15][16][17]
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2.5  Photodiode Sensors
The discovery of semiconductor materials revolutionised the electronic sciences. They are the basis 
of transistors and diodes which in turn are the basis of all the modern electronic components. 
Semiconductor materials can also make great sensors, because they can be easily manipulated in order 
to react to electric fields, light, heat and even pressure.
The semiconductors capacity to react to light opened the path to the creation of the photodiode 
(PD) family of sensors, the ones used in this project. These sensors can generate, depending on the 
operation mode, an electric current or a voltage both proportional to the intensity of electromagnetic 
radiation striking the semiconductor material. 
These devices are similar to ordinary diodes, but here the encapsulating material is transparent 
allowing incident radiation to reach and interact with the semiconductor junctions inside. In fact almost 
all of the electronic devices are capable of generating photocurrents. The only thing protecting them 
from this effect is their protective casings. 
Figure 9 - Image of a photodiode [19]  and its schematic representation [18]
Different semiconductor materials have different sensitivities to different wavelengths of the 
electromagnetic spectra. By choosing the correct semiconductor material and the correct casing it is 
possible to make a sensor capable of generating a photocurrent related only to the spectra of interest. 
When sensing visible light the best material to use is silicon since its sensibility has maximums on the 
visible region of the spectra being its sensibility peak on the red region (800 nm - 1000 nm) - see 
Figure 10. PDs made of different materials have different sensibility profiles. 
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Figure 10 - Sensitivity vs. Wavelength of a silicon PD [20]
The equivalent circuit of a PD is shown in Figure 11. A PD is fundamentally a current generator. 
The junction capacity depends on the bias voltage, being large at zero bias and decreasing as reverse 
bias voltage is applied. The shunt resistance is high (mega-ohm) and its value is a inverse exponential 
function of forward voltage. The series resistance is typically small.
 
Figure 11- Equivalent circuit of a planar PD [21] 
IS = signal current (A)
RSH = diode parallel shunt resistance (")
ID = dark current (A)
RS = diode series resistance (")
IN = noise current (A)
RL = load resistance (")
CD= diode junction capacity (F)
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Equation 3 - Potential function of the PD equivalent circuit
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PDs can be operated either on the photovoltaic mode or on the photoconductive mode depending 
on the bias voltage being applied. 
The device is being operated on the photovoltaic  mode when the bias voltage is zero. Depending on 
the load resistance, two photovoltaic modes can exist. If the load resistance is much higher than the 
shunt resistance, the photodiode operates under the line (a) of Figure 13. Here the current flows 
through the shunt resistance generating a forward bias voltage. The shunt resistance decreases 
exponentially with the increase of luminosity thus creating a photo-generated voltage dependent on the 
logarithm of the illumination intensity. One of the disadvantages of this mode of operation is the 
uncertainty of the value of the shunt resistance. When the load resistance is much smaller than the shunt 
resistance, the device operates under the line (b) of Figure 13. Under this operation mode, the current 
flows through the load resistance and the resultant voltage is linearly dependent on the intensity of 
incident radiation. In order to achieve a low load resistance, the output voltage of the PD is fed to a 
virtual  earth input of an amplifier as shown in Figure 12. The photocurrent has a gain when the 
photodiode is operated this way. The main disadvantage of this operation mode is the slow response of 
the sensor to rapid changes of light intensity, but the signal noise is the lowest possible.
Figure 12 - Photodiode mounted on the photovoltaic mode [22]
The photoconductive mode is achieved when a reverse bias voltage is applied to the PD and is 
represented on Figure 13 under line (c). The photocurrent generated on the device originates a voltage 
across the load resistance. This voltage is linearly correlated with the illumination intensity, mostly 
because the shunt resistance is very high due to the inverse bias voltage. The main disadvantage of this 
operation mode is the fact that the inverse bias voltage increases the leakage current and consequently 
the signal’s noise also increases. This operation mode is the one that exhibits the fastest response and it 
is capable of sustaining higher load resistances without losing its linear behaviour.
Figure 13 - Photodiode operation modes[22]
In this project three different types of photodiodes were used:
• Planar photodiodes (PPDs),
• Avalanche photodiodes (APDs),
• Lateral effect photodiodes (LEPs).
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Planar Photodiodes (PPDs) are the most simple and cheap PDs in the market. Their equivalent 
circuit is the same as the one presented above and they exist in different sizes and shapes. This device 
consists on a planar diffused p-on-n configuration as the one showed in Figure 14. This sensor can be 
operated at relatively low bias voltages and it has a high junction capacity. The junction edge emerges on 
the surface of the device where it is passivated by an oxide diffusion mask.[21][22]
Figure 14 - Representation of a PPD[22]
The Avalanche Photodiode (APD) is very similar to the PPD in its configuration scheme. The only 
physical differences between the two sensors are the materials and methods used on the fabrication of 
the sensor and its active area (circles with radius ranging from 0.2 mm to 5 mm on APD). In spite of 
their similarity, APD operates in a different way than PPD. These sensors are thought in a way that will 
enable them to operate with very high reverse bias voltage (typically 100-200 V) taking advantage of an 
effect semiconductors present when the electric field is increased to values higher than 104 V/m. When 
subject to this electric filed, the carriers collide with the crystal  lattice and ionisation occurs starting a 
chain reaction. This phenomenon is called avalanche multiplication of photocurrent and this confers to 
the output a gain. This gain is controlled by the bias voltage applied to the sensor. These sensors can 
detect lower light intensities and have lower noise. They are also a lot more expensive than PDs. These 
sensors also have higher response speeds because the RC circuit inside the sensor is a lot smaller.[23]
Figure 15 - APD[24]
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Lateral  Effect Photodiodes (LEPs) are one kind of PDs that provide two photocurrent signals. The 
process of creation of photocurrent is the same as with regular PDs, but the intensity of the ejected 
current is dependent on the position of the incident light in the surface of the sensor as shown in Figure 
16. When the spot of light is closer to one of the anodes the intensity of the photocurrent in that anode 
is higher than the photocurrent in the other anode because the surface of the sensor has an evenly 
distributed resistive layer. Because of that the current intensity is higher on the anode with the smallest 
equivalent resistance. The main advantage of these sensors is the possibility of directly accessing the 
position of the spot of light in real time. The most prominent disadvantages of these sensors are the high 
noise they present and the slower time response of these sensors due to the high RC circuit inherent to 
the sensor. 
Figure 16 - Representation of a LEP sensor
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3.  Process concept and methodology
In this chapter the theoretical concepts relevant to this work are reviewed along with the  list of used 
equipment. A description of the signal  acquisition methodologies is also presented. In the end of this 
chapter a brief description of the software tools used to support the project’s signal processing and 
component projecting is provided.
3.1  Process concept
In this project a new method for measuring PWV non-invasively is proposed. Here PDs are used to 
optically measure PTT and then converting this value into PWV values that are clinically relevant.
An optical signal regarding the propagation of a pressure wave in a tube can be extracted if the tube 
has good reflection properties and if its shape is altered when the pressure wave is passing. Our probes 
are capable of emitting a constant beam of light while acquiring the reflected light.  When the pressure 
wave passes, the deformation of the tube will alter the reflection profile of any incident light and thus the 
signal generated on each sensor is correlated with the passing pressure wave. This effect is schematically 
presented on Figure 17. 
Figure 17 - Representation of the effect on the skin reflectivity when a pressure pulse passes
This concept may be applied to the cardiovascular system where pulsating arteries change their 
diameter when the heart produces a pressure wave. If an artery is close to the surface of the skin, the 
passing pressure wave will also affect the skin around the artery generating this way an optically 
measurable signal at the surface of the skin. The skin is illuminated by our probes illumination system 
and the reflected light is then captured by the sensors. This is therefore a direct measure of the pressure 
wave and its shape is very close to a normal cardiac pressure wave. The artery used to our measurements 
through this work was the carotid artery.
Calibration of the value of this measured pressure proved itself difficult because the skin 
deformation magnitude might not be linear with the corresponding pressure change and the volume of 
skin moved and artery sizes are different from patient to patient.
In this work two different optical techniques of PWV assessment are presented. The first technique 
implies the use of two photodiodes placed at a known distance. To the two acquired signals a time delay 
is extracted and a velocity is calculated. The other technique implied the use of a LEP where the position 
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of the centroid of illumination over the sensor is known and the displacement velocity of this centroid is 
then extracted.
3.2  Acquisition system
To support the operation of the probes, an acquisition box was assembled. This box contained a 
Data Acquisition System (DAQ) from national instruments. The model of this DAQ was NI 
USB-6210© and was capable of acquiring signals from 16 different channels at a maximum acquisition 
rate of 250k samples per second. This device could be externally and internally triggered. All the 
acquired signals were sampled at 20K samples per second and the maximum measurement length was 
20 seconds.
The box also included all the necessary plugs to be able to support all probes and it also had some 
coaxial plugs that received the signals from the wave generator and other necessary signals. The probes 
energetic feeding was also provided by the acquisition box, being this energy provided by an external 
voltage source connected to the acquisition box. In figure 18 the acquisition box is presented. During 
the development of this work, the acquisition box contained an active differentiator between the probes 
and the acquisition box. This circuit was discarded because the PTT results were the same, and in some 
cases worse.
Figure 18 -  Data Acquisition System. 1 - Voltage source plug, 2 - APD probe plug, 3-PPD probe plugs, 4 coaxial 
cable plugs, 5 -  Energy distribution circuit, 6 - data acquisition system and 7 - active differentiator circuits.
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3.3  Acquisition methodology
The acquisition of signals from human carotid arteries followed two methodologies. The first 
methodology implies the subject to be comfortably laid on a medical exam table. The neck is then 
positioned in a way that the carotid artery from one side is exposed and easily accessible.  The probe is 
then placed on top of the artery with no direct contact with it. The operator must then seek the signal by 
changing the position and alignment of the probe. In order to prevent major baseline drifts, the operator 
must eliminate involuntary tremors by placing two fingers between the probe and the neck immobilising 
the probe while providing the necessary distance of the sensor to the neck. The second methodology 
consisted of acquiring the signals from comfortably seated subjects.
3.4  Software supporting tools
Several software tools were used during the development of this project. The data acquisition 
software tool (NI-DAQmx©) was provided by the DAQ module manufacturer and allowed the user to 
interface with the DAQ module being able to program the acquisition routine and extracting the 
acquired signals to text files (.txt) usable in the data processing software tool. The processing tool  used 
was MATLAB, a numerical computing tool that uses a high-level  language developed by MathWorks. 
This software tool is used, in this work, to develop algorithms and data processing functions as well as 
applying them to previously acquired signals.  
In order to design the necessary circuit Printed Circuit Boards (PCBs) composing the probes, 
ORCAD circuit design tool was used. This design tool  created by Cadence Design Systems was also 
capable of producing electronic schematics and of simulating the designed circuit behaviour. These 
capabilities were used to simulate the third test bench behaviour before its assembly.
Figure 19 - PCB of the last probe designed in ORCAD
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To project all the supporting components of both probes and test benches, a mechanical design 
software (Autodesk Inventor) was used. This design tool created by Autodesk is used to create 3D in 
scale parts, assembling them and facilitates the creation of the necessary documents in order to allow 
mechanics to be able to manufacture the parts.
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4.  Optical probes
During the development of this project, four probe prototypes were projected and implemented, 
two using PPDs, one using APDs and one using a LEP. In this chapter these probes are described.
4.1  Two PPDs based probe I 
The first version of the PPD based probe is presented on Figure 20. In this probe, the PPDs from 
Silonex (10.2x5.1 mm, SLCD-61N3) are operating under the photoconductive mode and the signals 
are amplified by an Amp Op with linear filtering. The bias voltage applied is -5 volts. Four high 
brightness 635 nm Light Emitting Diodes (LEDs) provide skin illumination to each sensor and the 
illumination intensity is controlled by a variable resistor.  The electronic circuit of this probe is 
presented on Appendix A. The PPD sensors were mounted apart 3 cm.
Figure 20 - PPD based probe version I
This probe proved difficult to operate because the sensors entered in contact with the skin 
increasing the noise in the signal. The signal was also very difficult to reach, because the probe didn’t 
adapt well to the anatomy of the neck. The direct flow of light from the LED to the sensors combined 
with the reflected light with no information resulted in a huge baseline that limited the amplitude of the 
signal containing the relevant information. 
4.2  Two PPDs based probe II
The second version of the PPD based probe is presented on Figure 21. The main improvement of 
this probe relatively to its ancestor is the external architecture. Here both the sensors and the LEDs are 
buried on the “chassis” of the probe limiting, in this way, the contact of the sensor with the skin and also 
the amount of reflected clear light and direct back-flow of light diminishing the baseline amplitude. The 
LEDs are also arranged in a manner that provides an even illumination of the skin under the sensor. 
This probe was still not ergonomic enough making the signal acquisition process difficult.
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Figure 21 - PPD  based probe version II
The measuring process was easier with this new probe because it could now be in contact with the 
skin whilst the sensor was not, diminishing the baseline drift and the noise signal. 
A third architecture version of the PPD based probe was projected, but never implemented. The 
sketch of this new probe is presented on Figure 22. This new design comported all the upgrades of the 
second probe, but the interface with the skin was improved.
Figure 22 - Schematic  version of the PPD  based probe version III
This new probe would have more degrees of freedom which would allow a better adaptation to the 
neck’s anatomy. Here the probe would never touch the beating artery because the head of the probe 
would have a support system that could be orientated alongside the artery, preventing signal distortions. 
The skin illumination angle was more tangential making the signal generation area greater, increasing 
the sensibility of the sensor. Each sensor could adapt independently to the patients neck making this 
probe highly ergonomic.
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4.3  APDs based probe
This probe used APDs from advanced photonics (SD 012-70-62-541) as sensing elements and 
explored a different arrangement of the electronic components improving the adaptability of the probe 
to the neck without using any supporting components. The voltage source that fed the circuit was 12V, 
but the APDs were operated under bias voltage of 180V provided by a DC-DC converter. The APD 
operated under the photoconductive mode and the output was amplified by an Amp Op with linear 
filtering. On Figure 23 the APD based probe is presented, and its electronic circuit is presented in 
Appendix A.
Figure 23 - APD based probe
The rearrangement of the components in this probe allowed the LEDs and the sensors to be 
mounted on one edge of the PCB, producing a contact tip with a small area. This new architecture 
facilitated the adaptation of the probe to the patient’s neck because it could now avoid the irregularities 
of the surface of the neck. The major problem of this configuration is the absence of a supporting 
component that would provide direct contact of the probe to the skin surface whilst keeping the 
necessary distance from the sensor to the skin.  
To successfully extract the signal, the probe had to be held at a distance from the surface of the skin, 
making the signal extraction more difficult and imbued the signal with great baseline drifts.
4.4  LEP based probe
In Figure 24 is presented the LEP based probe. This probe contains a LEP operating on the 
photoconductive mode whose output signals are amplified and filtered. The bias voltage applied was 
15V. The illumination circuit of this probe is composed of two lines of 9 LEDs placed on either side of 
the sensor and their luminosity was controlled by a variable resistor. The electronic  circuit is presented 
on Appendix A.
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Figure 24 - LEP based probe
The operation and problems of this probe were similar to the first PD based probe. The output 
noise was also low but it was the biggest of the three probes. A fixated version of this probe was mounted 
on the first test bench, but here the illumination was provided with a linear laser. A scheme of this bench 
probe is presented in Figure 25.
Figure 25 - LEP adaptation scheme to test bench I, 1- line laser, 2 - silicon tube, 3 - LEP  
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5.  Test  Bench Systems
In order to validate our method and the capabilities of our probes, three test benches were 
assembled where the majority of the created tests were executed. On this chapter an overview if these 
test benches is presented.
5.1  Introduction
Real human carotid signals are complex to study on preliminary tests, because they represent the 
pressure wave generated by a complex arrangement of arteries and the signal acquisition system imbues 
the signal with noise and baseline drift. Complex systems like this are hard to model and therefore 
simpler but similar systems where clean signals can be easily extracted must be studied. These systems 
must represent accurately the relevant aspects of the propagation of pressure waves in arterial systems.
During the execution of this project, three test benches with different properties and objectives 
were assembled.
5.2  Test bench system I
In Figure 26 is presented a schematic  version of the first bench model. This model resulted from 
the upgrade of a previously existing bench system.[25] 
The system recreates a pulsating artery (component 5 of Figure 26) made of a silicon tube with an 
inner diameter of 8 mm and a length of 80 cm filled with water. The pressure wave was generated by a 
piezoelectric actuator (component 3) controlled by a wave generator (Agilent 33220A) (component 1) 
whose signal was amplified by a high voltage amplifier (component 2). The actuator was coupled with a 
cylindrical piston which actuated a rubber membrane inside component 4. Component 4 acts as the 
systems ‘heart’ and it is funnel shaped in order to increase the volume of pushed liquid into the silicon 
tube. On the other end of the tube a wave sink is mounted (component 6) along with a pressure control 
system adapted from a sphygmomanometer (component 7). 
The pressure wave generated by the wave generator was a synthetically generated carotid pressure 
wave.
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Figure 26 - Scheme of test bench I. 1 - wave generator containing cardiac pressure signals , 2 - High voltage 
amplifier, 3- piezoelectric actuator, 4 - funnel, 5 - silicon tube, 6 - wave sink, 7 - pressure control system, 8 - developed 
probes, 9 - acquisition system, 10 - voltage generator, 11 - line laser, 12 - LEP bench test probe.
Two signal extraction methods were used during the study with this test bench. The first method 
implied to place the projected probes (represented by component 8 in Figure 26) immobilised on a 
support system on top of the silicon tube. The probes didn’t contact with the silicon tube. The signal 
was acquired by the data acquisition system (component 9) powered by a voltage generator (component 
10). The second method was only applied to the LEP based probe (component 12). Here the sensor was 
fixed on one side of the tube where a line laser (component 11) illuminated the tube tangentially.
This system represented well the normal pressure wave and its propagation in normal arteries. 
Despite of this, the generated signal was very weak on the first method due to the lack of reflect light 
from the tube. In order to get a better signal, reflecting ink had to be placed on the tube altering the 
tube’s properties with little increase on the quality of the generated pressure wave signal. The second 
method generated better signals but due to the small fraction of the tube illuminated and the exotic 
acquired signal, velocity information was difficult to access. 
5.3  Test bench system II
This test bench pretended to simulate a travelling wave that would have the same waveform when 
passing through the probe sensors alignment axis. This was done by placing the probes parallel to the 
tip of the rotating blades of a chopper. A photo of this test bench is presented in Figure 27.
24
Figure 27 - Photo of  test bench II, 1 - chopper, 2 - LEP based probe, 3 - chopper controller
The chopper is an optic device composed by a rotating metal disk capable of periodically 
interrupting light beams (in the case of this test bench, reflecting incident light beams). In order to 
increase the reflection capabilities of the chopper’s rotating blades, strips of aluminium sheets were 
coupled to them. These strips were 1 mm thick.  The periodicity of the signals was controlled by the 
chopper controlling unit. In order to minimise the difference between the acquired signals, the probe 
was placed as distant as possible from the disk axis where the rotation profile was similar to a linear 
profile.
This test bench provided high intensity and low noise signals with the shape of a Gaussian curves. 
The signals had the necessary delay in order to access a travelling velocity and were equal in shape, 
providing this way an ideal test bench for preliminary explorative tests.
It provided important information of the capabilities of both the algorithms applied and the probes 
used. The problems of using the chopper are the fact that the waveforms are always the same and an 
error factor exists related to the distance of the sensor to the choppers blades. New test bench systems 
capable of recreating cardiac-like waveforms with a controlled time delay and independent from the 
distance to the light source were mandatory.
5.4  Test bench system III
This test bench was the last and most studied one. It had two different configurations depending on 
the probes in study. The first configuration was the one presented on Figures 28 and 29. This test 
system was composed by two arbitrary waveform generators, Agilent 33220A (AWG1 and AWG2), that 
had been previously loaded with the same cardiac-like waveform. The time delay between the signals was 
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controlled by adding a time delay on one of the wave generators and then synchronously triggering both 
the wave generators. The output of each device excited one LED and a small offset was added to the 
signal in order to guarantee the linear relation of emitted light with the current exciting the LEDs. Each 
of the LED signals excited one sensor of the probe with a cardiac-like optical signal. This configuration 
was intended to the PPD based probes and the APD based probes. The output signal was very clean and 
stable. 
Figure 28 - electronic circuit of test bench III
Figure 29 - representation of test bench III
The second version of this test bench was intended to study the LEP base probe. Here a line of 
LEDs was mounted, and between each LED a RC circuit combined with a buffer amplifier was mounted 
in order to provide an even time delay between the LEDs. Here no trigger was used and the signal was 
provided by a single wave generator. The system is capable of adjusting the distance of the sensor and 
the LEDs in order to study the relationship between the calculated velocity error and the distance of the 
sensor to the LEDs. In Figure 30 this system is presented.
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Figure 30 – Image of test bench III adapted to the LEP based probe, 1 - RC circuit and buffer amplifiers, 2 - line of 
LEDs, 3 - LEP, 4 - micrometric  screw, 5 - probe support system
The RC circuit distorted the cardiac-like wave when the used pulse frequencies were higher than 
2lHz. The time delays between each LED were also controlled by the RC circuits and in order to 
produce only small distortions the maximum time delay was 3 ms.
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6.  Developed algorithms and signal processing
In order to access the PWV, the signals must undergo several  processing steps and then algorithms 
are applied. In this chapter the signal processing routines are described along with the applied 
algorithms. All the signals were acquired from the test benches. This chapter is subdivided in two 
sections, the first is relative to PPD and APD based probes and the second to the LEP based probe. 
6.1  PPD and APD based probes algorithms
This section is relative to the signal processing and developed algorithms applied to signals 
extracted with the PPD and the APD based probes. These probes share the same measuring principle. 
Two sensors measure the same signal in two different points of the artery, or test benches, and then 
through signal processing the time delay between the two signals is then computationally extracted. 
6.1.1  Signal processing
The original signals acquired from the DAQ system are presented in figure 31. The signals are 
firstly loaded into MATLAB and converted into a variable.
 
Figure 31 - MATLAB figure of direct signals from the probes
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The signals are then normalised by forcing the minimum of the signals to be 0 and then each point 
of the signal is the divided by its maximum value to normalise the scale.
The signals are composed by groups of pulses. Each pulse represents the pulse wave for each heart 
beat and must be isolated and cut in order to eliminate the parts of the signals that don’t have any 
velocity information.
The first step to separate the pulses is to calculate the number of pulses composing the signal and 
their relative position in the signal. Then a matrix variable containing the value and position for both the 
maximums and minimums of the signal is generated. The used function searches the signal for relative 
peaks that appear after the signal rises higher of a certain threshold. The effect of this function is 
presented in Figure 32.
Figure 32 - MATLAB figure of the acquired signals after normalisation with the maximums and minimums of 
each pulse.
The pulses are then separated and stored in a special cell-type variable that is a matrix of matrices 
containing the values of each pair of pulses. In Figure 33 are presented a group of isolated pulses from a 
signal. The measure is so precise that all the pulses pairings overlap each other. 
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Figure 33 - MATLAB figure a group of separated pulses.
The separation of the pulses is performed by a function that starts by calculating the number of 
pulses present in each signal and the relative distance between them, then fraction values of this time 
difference are used to access the cutting window. By controlling the fraction value one can control what 
part of the pulse will be used.The function then discards the first pulse to avoid errors. The signal is then 
cut in a way that ensures that the pulses have exactly the same lengths.
Next, the isolated pulses enter a final cycle that applies the developed algorithms to each pair of 
pulses. The first step of this cycle is to access the length, in seconds, of the pulse and to normalise it 
again using the same method as above. Each algorithm is then run on the pulse and the resulting values 
are then stored in variables for further study.
6.1.2  Fcorr and Xcorr algorithms
Cross-correlation function is a function of the similitude of two signals where several features can 
be extracted. One of the possible features that can be extracted with this function is the time delay 
between two pulses.
Two MATLAB functions were created containing the algorithm routine. Both these function used 
cross-correlation, but the calculation of the cross-correlation function is different in the two functions. 
Fcorr function calculates the cross-correlation function by the definition.
 The other function calculates the cross-correlation using a pre-constructed MATLAB function 
Xcorr.  In Figure 34 an example of the resultant cross-correlation function when applied to two cardiac-
like pulses.
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Figure 34 - MATLAB figure of the cross-correlation applied to a pair of signals
The position of the maximum value of this output function is then subtracted to the length value of 
the original pulses. This value is then converted to seconds by dividing it by the sampling rate used to 
acquire the signal. A velocity is calculated by dividing the distance between the two sensors (3 
centimetres) with the previously calculated time delay.
6.1.3  Phase algorithm
This algorithm uses the phase spectrum of the signals to extract a value of the time delay between 
two signals. The algorithm starts by producing a frequency scale vector composed by all the possible 
frequencies composing the acquired signal. It then calculates the frequency spectrum (using the Fourier 
transform) of the signals and the phase angle of each frequency. 
The time difference between each pair of angles is calculated and converted from angle difference to 
time difference (in seconds) using equation 4. The results for a group of pulses are presented on Figure 
35. The algorithm calculated 20000 possible frequencies with their correspondent phase angles, but in 
Figure 35 are only presented the ones with frequencies until 100 Hz.
!"#
#
#
!"#$%&'()'*'+,-.&'/"#$%&'0/'12&'.%033*.0%%&,-1"04'-55,"&6'10'-'5-"%'0/'3"#4-,3'
$%&#'()*+*(,#(-# +%&#./0*.1.#2/31&#(-#+%*)#(1+'1+# -1,4+*(,# *)# +%&,#)15+6/4+&7#+(#+%&#
3&,8+%#2/31&#(-#+%&#(6*8*,/3#'13)&)9#$%*)#2/31&#*)#+%&,#4(,2&6+&7#+(#)&4(,7)#5:#7*2*7*,8#
*+#5:#+%&#)/.'3*,8#6/+&#1)&7#+(#/4;1*6&#+%&#)*8,/39#<#2&3(4*+:# *)#4/3413/+&7#5:#7*2*7*,8#
+%&#7*)+/,4&#5&+=&&,#+%&# +=(#)&,)(6)# >!#4&,+*.&+&6)?#=*+%# +%&#'6&2*(1)3:#4/3413/+&7#
+*.&#7&3/:9#
#
!"#"$" %&'()*
#
$%*)#/38(6*+%.#1)&)# +%&#'%/)&# )'&4+61.#(-# +%&# )*8,/3)# +(#&0+6/4+#/#2/31&#(-# +%&# +*.&#
7&3/:#5&+=&&,#+=(#)*8,/3)9#$%&#/38(6*+%.#)+/6+)#5:#'6(714*,8#/#-6&;1&,4:#)4/3&#2&4+(6#
4(.'()&7# 5:# /33# +%&# '())*53&# -6&;1&,4*&)# 4(.'()*,8# +%&# /4;1*6&7# )*8,/39# @+# +%&,#
4/3413/+&)# +%&# -6&;1&,4:# )'&4+61.# (-# +%&# )*8,/3)# /,7# +%&# '%/)&# /,83&# (-# &/4%#
-6&;1&,4:9##
$%&# +*.&# 7*--&6&,4&# 5&+=&&,# &/4%# '/*6# (-# /,83&)# *)# 4/3413/+&7# /,7# 4(,2&6+&7# -6(.#
/,83&# 7*--&6&,4&# +(# +*.&# 7*--&6&,4&# *,# )&4(,7)# 1)*,8# &;1/+*(,# A# /,7# +%&# 6&)13+)# /6&#
'6&)&,+&7#(,#-*816&#!B9#
!!"#$ %
&' ( &)
* + ,-
#
78$-1"04')'9'!$4.1"04'12-1'%&,-1&3'12&'1":&'6"//&%&4.&';&1<&&4'1<0'52-3&'-4#,&3'-1'-'6&1&%:"4&6'/%&8$&4.='
#$%&# )15)&;1&,+#2&3(4*+:# *)# +%&,#/44&))&79#$%&# -6&;1&,4:# )'&4+61.#(-# +%&#.&/)16&7#
'13)&)# )%(=)# +%/+# +%&# )*8,/3# *)# .()+3:# 4(.'()&7# (-# 3(=# -6&;1&,4:# =/2&)# /,7# %*8%#
-6&;1&,4:# ,(*)&9# $%&6&-(6&# +%&# -6&;1&,4*&)# (-# *,+&6&)+# /6&# +%&# 3(=# -6&;1&,4:#
Equation 4 – Function that relates the time difference between two phase angles at a determined frequency
31
 The subsequent velocity is then accessed. The frequency spectrum of the measured pulses shows 
that the signal is mostly composed of low frequency waves and high frequency noise. Therefore the 
frequencies of interest are the low frequency harmonics.  In Figure 36 are presented the zoomed results 
of time difference for the first 30 frequencies that compose the pulses. Here the calculated time delay is 
almost constant for each frequency.
Figure 35 -Frequency spectrum (1)  the correspondent phase angle (2) and time delay between the probes (3)
Figure 36 – MATLAB figure representing the first 30 Hz were the time delay is approximately the same.
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6.1.4  Tests performed
To access the algorithms robustness several tests were performed on bench test III. From these 
tests an article was written (Appendix B) where these tests and their subsequent results are more deeply 
described. 
• The first test involved measuring different sets of cardiac-like waves with the same 
frequency but different time delays between them. This test showed the operational limits of 
our probes and the internal linearity error.
• The second test tested the robustness of the algorithms to noise. Here different sets of the 
same cardiac pulse were added white noise of different amplitudes and the PTT value was 
calculated. The results of these tests proved the high tolerance to noise of the phase algorithm 
and the APD based probe.
• Finally several sets of cardiac pulses were measured. These sets of waves shared the same 
time delay, but the frequency of the signals was different simulating different heart rates. 
These tests proved that our system has a low linearity error, supports high amplitudes of noise and 
is capable of accurately measuring the PTT of cardiac pressure waveforms independently of the heat 
rate.
6.2  LEP algorithms
The signal processing and the algorithms applied to the signals of the LEP based probe are different 
from the other probes. All performed tests were made using the chopper based test bench. The LEP 
adaptation of test bench 3 was assembled later and no tests were performed on this test bench.
With LEP signals is possible to study the displacement of the illumination centroid over the LEP 
sensor. By extracting the velocity at which this centroid is moving we can access the velocity of 
propagation the pressure wave. In Figure 37 is presented the effect on the position of the centroid 
resulting from the passage of a dot of light over the sensor.
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Figure 37 – Effect of a passing dot of light on the centroid position of a LEP
The illumination centroid position can be calculated for each point of the signal using equation 5.
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Equation 5 – Function that relates the position of the centroid of illumination with the measured signals intensity 
over time
This equation output is the normalised position of the centroid relative to the sensor window. Here 
the centre position is represented as 0 and each end of the probe is represented by either -1 or 1 as 
showed in Figure 37.
6.2.1  Signal processing
After the acquired signals are loaded to MATLAB, the velocity of the rotating blades is 
computationally calculated. In Figure 38 are represented LEP signals extracted from the chopper.
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Figure 38 – MATLAB figure of the signal extracted from the chopper.
Figure 39 - Cut pulses excluding the parts with amplitude inferior to 0.2
The pulses are then separated in a similar fashion of the signals from the other probes. They are 
then normalised before passing through the algorithm. The initial and the end part of each pulse are 
excluded (amplitudes ranging between 0 - 0.2 of the amplitude of the signal), because here the signal to 
noise ratio was big enough to influence the calculated centroid, generating extremely noisy centroids.
6.2.2  Slope algorithm
The centroid function of an isolated pulse is then calculated by applying equation 4. A picture of the 
resulting centroid is presented on Figure 40.
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Figure 40 – Centroid position function
The displacement of the centroid is approximately linear near the centre of the sensor, therefore the 
displacement velocity is constant in this section. The lines sections of the centroid of the pulse is then 
isolated and, through a linear regression, the slope value is extracted.
The value of this slope was linearly related to the velocity value of the rotating blades but had a scale 
factor. The method is also very precise, being able to distinguish the tiny difference of the velocity of 
each individual blade as shown in Figure 41.
Figure 41 - The red dots correspond to the  calculated slope value of the isolated lines.
The third test bench was adapted to enable LEP studies. The acquired signals from this test bench 
are presented in Figure 42.
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Figure 42 - Pulses extracted from test bench III
This test bench provided clear cardiac-like signals with controlled time delay. These signals 
provided clear images of the centroid function generated by the passage of a pulse wave. Due to lack of 
time, no further tests were performed with this test bench.
Figure 43 - Centroid of a pulse from test bench III
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7.  Live carotid measurements
Test bench systems aren’t enough to validate our probes. They must also respond accurately in live 
human carotids. In this chapter are presented several preliminary tests performed in humans, namely 
the research centre staff, and some subsequent signal processing adaptations.
7.1  Preliminary human carotid tests
During this phase of project development, no official clinical trials were performed. Despite the 
absence of scientific value, several  human tests were still  performed with the help of the staff of the 
research centre that volunteered to the tests. These tests were very useful throughout the project, 
because they allowed us to test and improve our probe designs to apply on future clinical trials. They 
also allowed us to test our algorithms on real cardiovascular systems so they could be improved.
Figure 44 - Carotid signals extracted with PPD based probe II
Figure 45 - Carotid signals extracted with PPD based probe I
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Figure 46 - Carotid signals extracted with APD based probe
Figure 47 - Carotid signals extracted with LEP based probe
7.2  Data processing
Direct carotid signals are considerably harder to study, not only because they are extracted from a 
complex system that we can’t model, but also because of the measurement process. It imbues the signal 
with what can be called a low frequency noise that interferes not only with the baseline of the acquired 
signal, but also with the waveform of the pressure pulses. 
Figure 48 - Direct signal with baseline drift
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To smooth the baseline drift, a digital band-pass filter was used. On early stages of the study of the 
baseline drift, another solution was tested. It used the pulses peak amplitude to create an adjusted 
Fourier function. This function represented the baseline drift of the signal. This function was then 
subtracted from the signal repositioning all the function points so all the maximums were aligned. This 
method despite being effective in erasing baseline drift was computationally heavy and the peak 
detection method was fallible.
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8. Conclusions and future work
The first test bench, though capable of accurately simulating a pulsate artery, proved itself useless 
since our probes were unable to extract any usable signal  due to the small  reflectivity of the silicon tube. 
The chopper based test bench was capable of simulating a travelling source of light with a Gaussian 
shape that allowed us to study the propagation of a simple waveform necessary to perform exploratory 
tests on the LEP giving us the means to understand the behaviour of the centroid function. The third 
test bench was crucial to validate the PPD and APD based probes and the processing algorithms, 
proving their capacity of accurately measure an arterial  pressure waveform and extracting a PWV on 
ideal conditions. This test was also capable of generating a signal measurable by the LEP based probe 
that will allow, in the future, to study the centroid function of an arterial pulse wave.
The developed probes were capable of measuring the arterial pulse wave with small signal-to-noise 
ratio in both the test benches and the carotid arteries. PWV measurements on the other side, were only 
possible on test benches, because the carotid signals were imbued with low frequency noise that 
distorted the waveforms, preventing us to obtain an accurate PWV measurement. In the future, new and 
already projected probe shapes will be assembled and tested. These new probes will be more adaptable 
to a human neck and will eliminate most of this low frequency noise.
The developed test benches also proved very useful  on testing our algorithms that were capable of 
extracting the PWV accurately on different conditions. The algorithms are capable of extracting PWV 
on signals with time delays ranging from 1 millisecond to 100 milliseconds, they are also robust enough 
to support different heart rates and they can support great signal-to-noise ratios while rendering 
accurate PWV estimations.
The future work will involve assembling probes with new and more ergonomic shapes that will allow 
better carotid measurements and the scheduling of official clinical trials where these probes will  be 
tested in real environments.
The LEP based probe will be tested on the third test bench with carotid-like pressure waveforms to 
access its capabilities and to understand the centroid profile of these waveforms.
The silicon tube from the first test bench will be changed to a thinner tube, that will stretch more, 
and it will have better reflection properties, so the developed probes can also be tested in this 
environment.
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Appendix A – Electronic Circuits Schematics
• PD based probe
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• APD based probe
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• LEP based probe
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Abstract:! Pulse wave velocity (PWV) is a clinically interesting parameter associated to cardiac risk due to arterial 
stiffness, generally evaluated by  the time that the pressure wave spends to travel between two arbitrary points. 
Optic sensors are an attractive instrumental solution in this kind of time assessment applications due to their 
truly non-contact operation capability, which ensures an interference free measurement. On the other hand, 
they can pose different challenges to the designer, mostly related to the features of the signals they produce 
and to the associated signal processing burden required to extract error free, reliable information. In this work 
we evaluate two prototype optical probes dedicated to pulse transit  time (PTT) evaluation as well as three 
algorithms for its assessment. Although the tests are carried out at  the test  bench, where “well behaved” 
signals can be obtained, transition to a  probe for use in humans is also considered. Results demonstrate the 
possibility of measuring pulse transit times as short as 1 ms with less than 1% error.
1! INTRODUCTION
Pulse wave velocity (PWV) is defined by the velocity at which pressure waves, generated by 
the systolic contraction of the heart, propagate along the arterial tree. PWV is a measure of 
regional arterial stiffness of the arterial territory between the two measurement sites. This 
parameter is related to the elastic modulus (E) of the arterial wall (which represents the intrinsic 
wall stiffness), and the arterial geometry (thickness: h) and blood density (!). The first 
relationship was formulated by Moens and Korteweg and expresses:
  (1)
Later on, Bramwell and Hill described the association in terms of distensibility (D), which 
is determined by the blood vessel’s compliance (C), the former relation can be expressed:
  (2)
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From the expression, we can deduce that higher PWV corresponds to lower vessel 
distensibility and compliance and therefore to higher arterial stiffness.
The pulse waves travel through the arteries at a speed of 4 to 10 meters per second 
depending on the vessel (PWV increases with the distance from the heart), and the elastic 
condition of the arterial wall, which is affected by a variety of factors in health and disease 
(Bramwell J. 1922; Nichols W. 2005).
The most common technique to assess non-invasively PWV is based on the acquisition of 
pulse waves generated by the systolic ejection at two distinct locations, separated by a distance 
d, and determination the time delay, or pulse transit time, due to the pulse wave propagation 
along the arterial tree (Rajzer M. 2008). The PWV parameter is then simply calculated as the 
linear ratio between d and the PTT.
Many different pulse waves have been used to assess pulse wave velocity, such as pressure 
wave, distension wave or flow wave. The gold standard in PWV assessment uses pressure waves 
measured by pressure sensors (Laurent S. 2006). These sensors need to exert pressure in the 
blood vessel this will distort the waveform, and may lead to inaccurate measurements. Another 
drawback of this method is the fact that the predicted PWV is relative to a large extension of the 
arterial tree and therefore is the conjunction of different local PWVs.
Other studies describe ultrasonic probes that predict PWV using Doppler Effect and 
modified ecography probes (Minnan Xu, 2002), but the PWV measurements were unreliable.
Recently (Kips et al. 2010, Vermeersch et al. 2008), described alternative approaches for 
estimating carotid artery pressures with an ultrasound system. Calibrated diameter distension 
waveforms were compared to the more common approach based on pressure waves, proving to 
be a valid alternative to local pressure assessment at the carotid artery.
All the previous techniques are minimally invasive, but the probe has to be in contact with 
the patient’s tissues at the artery site. This contact, as stated above, can distort the signal 
integrity and thus rise the interest in exploring true non-contact technique.
The propagation of pressure waves in arterial vessels generates distensions in the vessel’s 
walls. These distensions can be optically measured in peripheral arteries like the carotid that, as 
they run very close to the surface impart a visible distention. This distention, as it modulates the 
reflection characteristics of the skin, can be used to generating an optical signal correlated with 
the passing pressure wave.
The probes developed in this work, gather the light generated by LED illumination and 
reflected by the skin, using two photodiodes placed 3 cm apart, all assemble in a single probe. 
PWV is assessed by measuring the time delay between the signals of the two photo-sensors 
using different algorithms that are also discussed.
2! TECNOLOGIES
Two distinct types of silicon optical sensors – planar and avalanche photodiode (APD) – are 
used in this work, each one requiring a particular electronic circuitry. Results, however, are 
derived by the same signal processing algorithms.
Each probe incorporates two identical optical sensors placed 3 cm apart and signal 
conditioning electronics based on a transconductance amplifier and low-pass filter. The APD 
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probe includes the high voltage biasing circuitry (250V) necessary to guarantee the avalanche 
effect. Illumination is provided by local, high brightness, 635 nm light-emitting diodes 
(LEDs).
A photodiode (PD) is a type of photo-detector with the ability of converting light into either 
current or voltage, according to the modus operandi. One decided to use a planar, rectangular-
shaped photodiode, its dimensions being 10.2x5.1mm. This is silicon solderable photodiode 
feature low cost, high reliability and linear short circuit current over a wide range of 
illumination.
Like conventional photodiodes, APDs operate from the electron-hole pairs created by the 
absorption of incident photons. The high reverse bias voltage of APDs, however, originates a 
strong internal electric field, which accelerates the electrons through the silicon crystal lattice 
and produces secondary electrons by impact ionization. This avalanche effect is responsible for 
a gain factor up to several hundred. 
APDs are operated with a relatively high reverse voltage and will typically require 200 to 
300 volts of reverse bias. Under these conditions, gains of around 50 will result from the 
avalanche effect, providing a larger signal from small variations of light reflected from the skin 
and will, at least theoretically, improve the signal-to-noise ratio (SNR).
On the other hand, since the sensitive area of this sensor is very small (1 mm2), the accuracy 
of the estimations increases. In fact, comparatively to the planar photodiode, in which the 
detection of light takes place over a much larger area, this sensor can measure an almost 
punctual section of the skin, thus decreasing the error associated to the detection solid angle.
The two prototype probes, on which we support this work, incorporate an APD from 
Adavanced Photonics (SD 012-70-62-541) and a planar type from Silonex (SLCD-61N3) 
respectively.
3! TEST SETUP
The test setup was designed to assess the two main parameters of in PWV measurements: 
linearity and time resolution.
Their assessment was carried out in a test setup where illumination is provided by two 
LEDs whose light intensities reproduce the same signal with a variable time delay between 
them, as shown in Figure 1.
Two arbitrary waveform generators, Agilent 33220A (AWG1 and AWG2), are 
synchronously triggered by an external signal. The waveform generators have been previously 
loaded with the same typical cardiac waveforms and the mutual delay is selected in order to 
simulate different pulse transit times (Figure 2). These signals must be added to a small offset 
of the order of magnitude of forward voltage drop of the LED, so that the resulting light 
intensity is linearly modulated by the LED signal current. A 16-bit resolution data acquisition 
system (National Instruments, USB6210) samples the signals at a 20 kHz rate, adequate for 
PTTs as low as 100 #s and stores them for off-line analysis using MatlabTM.
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Fig 1: Light modulation and detection circuit.
In the test setup, the probe is placed in front of a test device, see Figure 2, which holds the 
two modulated LEDs and provides light isolation to prevent crosstalk. During tests, the LEDs 
of the probe itself are deactivated and all light comes from the LEDs in the test device.
Fig 2: During test, the probe is held to the blue part. The test LEDs activated by circuit of Figure 1.
Figure 3 shows a typical set of signals generated and detected by the circuit of Figure 1.
a) b)
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Fig 3: Excitation and detector responses for a) Planar Photodiode b) Avalanche Photodiode.
To assess the operational limits of our probes and algorithms, we designed three different 
tests. In the first one, signals with frequency similar to the normal heart rate but with delays 
within the interesting PTT range are fed to the system to investigate the integral linearity error. 
This test was performed at a constant frequency of 1.5 Hz and time delays varying from 1ms to 
100ms, corresponding to PWVs in a 30m/s to 0.3m/s interval. This range of values includes 
the normal PTT range of values in humans.
In the second test we assess the robustness of the algorithms to noise. To do this, we add 
white noise of amplitudes ranging from 1% to 50% of the signal amplitude in 0.02% steps, to 
the isolated pair of pulses. For each noise level, 1000 samples produced in order to obtain 
reasonable statistics. The resulting PTT distribution is then studied.
The third test was intended to validate our algorithm’s operability under a wide range of 
frequencies (simulating different Heart rates) with a time lag far greater than the maximum PTT 
seen in humans. It consisted of varying the output frequency (1 Hz to 200 Hz) of the cardiac 
pulses keeping the time lag between the two signals at 1.1ms.
4! Signal Processing
Three different algorithms for extracting the time delay from the detector’s signals are 
considered. They are referred to as foot-to-foot, cross-correlation and phase spectra. Their 
basis derives from the homonymous mathematical functions.
The accuracy of the results delivered by the algorithms discussed in this section is 
compared with the reference delay selected at the waveform generators.
In the foot-to-foot method and in spite of more complex methods (Kazanavicius E. 2005), 
a simple detection of the time lag between the start of the upstroke of the two consecutive 
pulses is carried out. This is possible due to the well behaved nature and low noise levels of our 
signals. A different situation occurs in signals collected from a patient, mostly due to baseline 
drift.
The cross-correlation method is based on the well known property of the peak of cross-
correlogram that allows delays to be calculated by subtracting the peak time position from the 
pulse length (Azaria M. 1984). Two different correlation functions are used: one that belongs 
to the MatlabTM core (Xcorr) and another one that generates the cross-correlation making 
direct use of the cross-correlation theorem (Fcorr).
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The third method uses data in the phase spectra of the signals. In this method, we first 
identify the exact frequency of the signal’s harmonics, using the amplitude spectra, and then, 
extract the corresponding phase angles from the phase spectra.
Time delay information is derived from phase spectra using the well known equations 
   (3)
 (4) relating phase angle, !, at angular frequency " of the phase spectrum, with time and
  (4)
which computes time delay, t, from  "1 and "2, the phase angles of the same harmonic in the 
phase spectra of each signal.
Theoretically, time delay can be computed at any harmonic of the full spectrum. However, 
as in practice noise affects these harmonics differently due to filtering at the detector amplifier 
level, a lower error can result if the best harmonics are selected.
For the circuits used in our work, we verified best performances when delay is computed at 
the 2nd harmonic in the APD and in the 4th for the PP circuits.
5! Results
This section is dedicated to the discussion of results obtained with the two probes using the 
previously mentioned algorithms.
5.1! Integral Linearity
By definition, integral linearity is the maximum deviation of the results from the reference 
straight line, expressed as a percentage of the maximum. We explore delays in the 1 to 100 ms 
interval. Results are shown in Figures 4 and 5.
A higher number of points are taken close to the origin since this is the interesting range of 
values in human PTT studies using the optical probes.
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Fig 4: Reference Delay versus measured delay for the PP probe. The APD curve practically coincides with this one.
For both probes, all algorithms produce highly linear (better than 1%) results as well as low 
error agreement with the reference time delay.
5.2! PTT Error
Error plots, expressed as a percentage of the corresponding reference value, are shown in 
Figures 5 and 6. We discuss the main differences between the PP and the APD probes.
Fig 5: Relative errors by algorithm, for the PP probe.
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Fig 6: Relative errors, by algorithm, for the APD probe.
While the PP probe exhibits lower than 8% error, the APD one never exceeds the 4% limit.
Cross-correlation (Fcorr version) can be identified as the best performing algorithm with a 
relative error never exceeding 1% in any probe. 
In the APD probe, the phase angle detection method also yields very good (lower than 1%) 
error, but poor performance for the PP probe, mainly in the small time lag region.
As expected all the algorithms performed almost perfectly for higher than 10ms time 
delays.
5.3! Noise tolerance
Robustness of the algorithms to noise is assessed by adding normal distribution noise to the 
photodiode readings and studying the resulting effect on the algorithm output.
This test was performed just for the correlation and phase methods. It was not used in foot-
to-foot detection, because, as long as added noise is of the order of magnitude of the threshold 
used to detect the upstroke, the upstroke will not be detected at all.
 Data collected by the PP and APD probes was submitted to this test using the following 
procedure: for each noise level, the algorithm under test was   run 1000 times, with an 
independent noise vector affecting every run.
 In total, 25 relative noise levels, from zero to 0.5 of peak amplitude, were explored.
Figures 7 to 12, enclosing the full information of this test, are shown side by side to make 
comparisons easier. 
Figures 8 and 9 show the dispersion introduced by noise for a reference delay of 4.1 ms. 
The resulting PTT values, taken as the mean value of each distribution, are plotted in Figure 9. 
While these figures concern the PP probe, Figures 10, 11 and 12 represent the same study for 
the APD probe.
As mentioned before, noise is expressed as a fraction of the peak amplitude of the signal.
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Fig 7: Dispersion introduced by noise in the PP probe.
Fig 8: PTT dispersion plots for each algorithm, for a relative noise level of 0.14. The gaussian fittings stress the normal 
nature of the distributions.
Fig 9: Mean of distribution vs. relative noise for a 4.1 ms reference delay in the PP probe.
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Fig 10: Dispersion introduced by noise for the APD probe.
Fig 11: PTT dispersion plots for each algorithm, for a relative noise level of 0.14. The gaussian fitting stresses the normal 
nature of the distribution.
Fig 12: Mean of distribution vs. relative noise for a 4.1 ms reference delay in the APD probe.
Not surprisingly, the dispersion introduced by adding noise is also gaussian with variance 
proportional to the noise level (Figures 8 and 11).
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However, different robustness to noise is exhibited by each of the three tested algorithms, 
with the phase and Fcorr methods showing the lowest errors when subject to high levels of 
noise.
It is also clear that the Xcorr based algorithm is not robust to noise and, under high noise 
conditions it shows a strong tendency to under-evaluate PTT, as shown in Figures 9 and 12.
The phase method exhibits the higher levels of robustness since its median remains 
constant for high noise levels and, in addition, the corresponding distribution shows the lower 
variance. The large offset yielded by this algorithm in the PP probe (but not in the APD probe) 
is rather puzzling and is probably associated to the particular shape of PP signals which, very 
much unlike the APD, are conditioned by the large equivalent capacity of the photosensor.
Another clarifying way to look at the overall performance of probes and algorithms is shown 
in Figure 13 where the probabilities of the algorithm returning a PTT value with less than 5% 
and less than 10% error are plotted against noise. Results, expressed as a percentage, are 
derived from 1000 runs per curve. 
Data in Figure 13 confirms the superior robustness of the phase method.
Fig 13: Measurements with less than 5% error (blue dots) and less than 10% error (red circles) vs. relative noise.
As can be stated, all algorithms can deliver 100% measurements within the specified error 
threshold, up to a certain noise level, where the curves show a turning point and start decaying 
towards zero. The phase algorithm not only shows a higher turning point but also decays much 
slowly as noise increases, denoting extra robustness to noise.
5.4! Algorithm robustness
One last test was organized to explore the effect of higher pulse repetition rates on the 
performance of the algorithms. In fact, all previous data was acquired under a 1 pulse per 
second rate regime. This could lead us to false conclusions in the sense that they might not hold 
for different (especially if higher) signal rates.
The test was conducted for a constant delay of 1,1ms, signal repetition rates from 1 to 200 
Hz and no noise added to the readings.
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Fig 14: Plot of the relative errors for each algorithm for a range of frequencies of signal, for the PP probe.
Fig 15: Plot of the relative errors for each algorithm for a range of frequencies of signal, for the APD probe.
The 1.1 ms value for delay was selected just for convenience. In fact, delay is set at AWG2, 
see Figure 1, as an angle (the delay angle) that can be defined up to a tenth of degree. For the 
particular set of repetition rates used in the test, 1.1 ms delay yields feasible values of delay 
angles that, otherwise, could not be loaded in AWG2.
Figures 14 and 15 reveal that the APD probe, again in this test, performs superiorly (notice 
that the vertical scales are different in the two figures).
It is also noticeable that the Fcorr and phase algorithms produce best results over the full 
range of repetition rates.
6! Conclusions
Two optical probes specifically designed to measure PTT have been developed and tested 
along with three different algorithms.  
Tests show that although both probes are capable of measuring PTT accurately, the APD 
based one is more precise and accurate.
All three tested algorithms can measure PTT with an error below 8%. Nevertheless, just the 
one designated by Fcorr exhibits the capability of measuring PTT with an error bellow 1%, for 
the complete range of delays. The phase method shows the higher levels of robustness to noise.
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When the signal repetition rate spans over a large range of values, the Fcorr algorithm can 
deliver PTTs with the lowest errors.
The natural follow-up of this work will be start acquiring pulse data in humans. Figure 16 
shows a preliminary acquisition in human using the APD probe. The shape of the pulses is very 
clear, not to much affected by noise and allows the anticipation of good results.
Fig 16: Preliminary results of the APD probe acquiring data in humans.
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